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Description 

ELECTRO-STATIC DISCHARGE 
PROTECTION CIRCUIT 

Background of Invention 
[0001] FIELD OF THE INVENTION 

[0002] jhe present invention relates generally to integrated cir- 
cuit (IC) design, and more particularly to an electro-static 
discharge (ESD) protection circuit having a resistive/ca- 
pacitive (RC) triggered ESD clamp capable of extended 
clamp-on times. 

[0003] BACKGROUND OF THE INVENTION 

[0004] Semiconductor devices in ICs are known to be susceptible 
to damage from an ESD event. An ESD event may cause 
extremely high currents to flow through CMOS devices. As 
a result, the device junctions, gate oxides, and other adja- 
cent structures may be permanently damaged. 

[0005] Because of aggressive scaling of IC dimensions in ad- 
vanced sub-micron technologies, protecting ICs from 



damage during ESD events is receiving a renewed focus. 
As IC technology scales or becomes smaller, device chan- 
nel lengths and snapback voltage are reduced. When the 
drain to source voltage reaches certain levels, a device 
may enter the destructive snapback region. As a result, 
scaling of ICs increases the susceptibility of the IC devices 
to damage from ESD events. At the same time, scaled ICs 
are required to maintain the same level of ESD robustness 
as prior generations of IC technologies. 
[0006] In the prior art, standard RC-triggered ESD clamps have 
been used for providing an ESD discharge path between 
power supplies and ground. During a typical IC"s power- 
up operation, it is desired that the IC"s ESD clamp(s) re- 
main off. In order for this to occur, the ESD clamp"s RC 
network needs to charge at the same rate as the IC"s 
power-up ramp. That is, the RC network requires a small 
RC time constant (i.e., hundreds of nanoseconds to tens 
of microseconds) relative to the IC"s power-up ramp (i.e., 
typically hundreds of microseconds to tens of millisec- 
onds). 

[0007] However, during an ESD event, a current spike with a fast 
rise time of less than 10 ns may occur. During the ESD 
event, it is desired that the ESD clamp turn on and remain 



on during the high current portion of the ESD event, i.e., 
500 ns or more. As a result, an RC time constant of ap- 
proximately 500 ns or more is required depending on the 
level of ESD protection required. For example, for an IC 
power-up ramp rate in the tens of milliseconds and an 
ESD robustness target of 3 kV, an RC time constant of 500 
ns is preferred. 

[0008] Determination of the proper RC time constant becomes 
more difficult as the rise time of powering up an IC, i.e., 
500 ns to tens of micro seconds, approaches the rise time 
of an ESD event, i.e., 10 ns. If the RC time constant is too 
large, the ESD clamp works well during the ESD event but 
allows too much leakage through the clamp(s) during 
power-up. Clamp leakage slows the IC power-up and may 
have adverse effects on "power on reset" circuitry possibly 
causing logic to initialize to the wrong state. Conversely, if 
the RC time constant is too small, there is little power-up 
leakage but the ESD clamp may shut off too soon during 
an ESD event potentially resulting in damage to the IC de- 
vices. 

[0009] As illustrated in FIG. 1, one prior art circuit 2 employs a 

"diode connected" NFET as a resistor to the capacitance of 
the IC's ESD clamp circuitry. Such a design typically allows 



too much clamp leakage because the PFET of the first in- 
verter initially conducts more current than the diode con- 
nected NFET. As a result, the RC network charges too 
slowly and the IC power-up is slowed. 

[0010] As illustrated in FIG. 2, in a second prior art circuit 4, a 
diode connected NFET is placed between the power rail 
and the source of the first PFET in the IC's ESD clamp cir- 
cuitry. In such a design, the first inverter in the ESD clamp 
circuit initially charges high slower than the output of the 
second inverter. As a result, the clamp may remain off in 
the initial stages of an ESD event thereby providing no 
protection to the IC. In addition, in such a design, since 
the switch point of the first inverter is reduced by the 
diode connected NFET, the node leading to the first in- 
verter does not have to charge as high to flip the output 
of the first inverter. Thus, the clamp may not stay on for 
an extended length of time. 

[001 1] A third prior art circuit (not shown) utilizes a large resis- 
tance, i.e., 1 M ohm, between the output of the first in- 
verter and ground. Although effective, such a design is 
difficult to use in increasing scaled IC designs because the 
large resistance requires a large amount of IC area. 
Summary of Invention 



[0012] One aspect of the present invention is an ESD protection 
circuit including tlie following: one or more inverters, each 
of the one or more inverters having an input and an out- 
put; a timing element for triggering the one or more in- 
verters, the timing element having an output node, the 
output node connected with the input of at least one of 
the one or more inverters; a clamping device joined with 
the output of at least one of the one or more inverters; 
and a feedback device for preventing the clamping device 
from turning off until completion of a high current portion 
of an ESD event, the feedback device in communication 
with the clamping device and the output node of the tim- 
ing element. 

[0013] Another aspect of the present invention is an ESD protec- 
tion circuit including the following: one or more inverters, 
each of the one or more inverters having an input and an 
output; an RC network having an output node, the output 
node connected with the input of at least one of the one 
or more inverters; a clamping device joined with the out- 
put of at least one of the one or more inverters; and a 
feedback device in communication with the clamping de- 
vice and the output node of said RC network. 

[0014] Still another aspect of the invention is an ESD protection 



circuit including tlie following: one or more inverters, each 
of the one or more inverters having an input and an out- 
put; a clamping device joined with the output of at least 
one of the one or more inverters; means for timing the 
triggering of each of the one or more inverters; and 
means for extending the time the clamping device is on, 
wherein the clamping device remains on until a high cur- 
rent portion of an ESD event terminates. 
[0015] Other features, utilities and advantages of various embod- 
iments of the invention will be apparent from the follow- 
ing more particular description of embodiments of the in- 
vention as illustrated in the accompanying drawings. 
Brief Description of Drawings 

[0016] For the purpose of illustrating the invention, the drawings 
show a form of the invention that is presently preferred. 
However, it should be understood that the present inven- 
tion is not limited to the precise arrangements and instru- 
mentalities shown in the drawings, wherein: 

[0017] FIG. 1 is a prior art electrical schematic diagram of an RC- 
triggered ESD clamp circuit using a diode connected NFET 
as a resistance to the capacitance; 

[0018] FIG. 2 is a prior art electrical schematic diagram of an RC- 
triggered ESD clamp circuit utilizing a diode connected 



NFET in series witli tlie PFET of tlie first inverter; 
[0019] FIG. 3 is an electrical schematic diagram of an RC- 

triggered BSD clamp circuit according to one embodiment 

of the present invention; 
[0020] FIG. 4 is a plot of the normal power-up voltage over time 

of an RC-triggered BSD clamp circuit according to one 

embodiment of the present invention; 
[0021] FIG. 5 is a plot of the response of a prior art RC-triggered 

BSD clamp circuit during an BSD event; and 
[0022] FIG. 6 is a plot of the response of an RC-triggered BSD 

clamp circuit according to one embodiment of the present 

invention during an BSD event. 
Detailed Description 

[0023] The present invention is directed to an BSD protection cir- 
cuit. The present invention includes an RC-triggered BSD 
clamp capable of extended clamp-on times. An example 
of the disclosed invention is depicted in FIG. 3, although it 
should be understood that the present invention is not 
limited to this (or any other) particular embodiment, but 
rather is intended to cover any protection circuits that 
fairly fall within the broad scope of the appended claims. 
In the drawings, like elements include like element num- 
bers. 



[0024] FIG. 3 illustrates an ESD protection circuit 10 (also re- 
ferred to as ESD circuit 10) according to one embodiment 
of the present invention. ESD circuit 10 includes an RC 
network 11 (also referred to as RC 11) having buried re- 
sistors Rl and R2, which provide the network"s resistive 
element and decoupling capacitors 12 that make up the 
network"s capacitive element. ESD circuit 10 also includes 
inverters II, 12, and 13, each formed by a respective PFET 
and NFET device pair, i.e., PO/NO, Pl/Nl, and P2/N2. ESD 
circuit 10 further includes a large clamp device N3 and a 
feedback NFET NKP. As one skilled in the art understands, 
the large clamp device and feedback device may include 
multiple transistors. 

[0025] In one embodiment, Rl and R2 each have a resistance of 
approximately 2.3k ohms and decoupling capacitors 12 
each have a capacitance of approximately 75 pF and are 
designed according to manufacturing layout rules that 
minimize the likelihood of oxide defects. In the embodi- 
ment illustrated in FIG. 3, each of decoupling capacitors 
12 requires a wafer area of approximately 4.9 \xm x 2.4 
Mm. In FIG. 3, a 10 x 7 array of decoupling capacitors 12 
is utilized thereby requiring a wafer area of 49.2 \im x 
16.55 Mm to achieve a capacitance of approximately 5.25 



pF. In one embodiment, inverter II utilizes a high switch 
point, i.e., a 10/2 device width ratio. In one embodiment, 
large clamp device N3 is sized to conduct approximately 2 
amps (peak Human Body Model (HBM) current for a 3 kV 
ESD event) at Vgs = Vds = 2V, which is less than the tech- 
nology snapback voltage. The values of Rl plus R2 (4.6k 
ohms) and decoupling capacitors 12 (5.25 pF) yield an RC 
time constant of approximately 25ns as opposed to the 
typically required 500ns RC time constant discussed 
above. This relatively small RC time constant allows the 
disclosed circuit to be used in "fast" power-up ramp rate 
applications as well as typical and slow applications. 

[0026] ESD circuit 10 includes a plurality of nodes that join the 
circuit devices. A node RCT connects R2 and decoupling 
capacitors 12 to inverter II, i.e., the gates of PO and NO. A 
node NDl connects the output of inverter II, i.e., the 
drains of PO and NO, to inverter 12, i.e., the gates of PI 
and Nl. A node ND2 connects the output of inverter 12, 
i.e., the drains of PI and Nl, to inverter 13, i.e., the gates 
of P2 and N2. A node ND3 connects the output of inverter 
13, i.e., the drains of P2 and N2, to the gate of NFET N3. 

[0027] FIG. 4 illustrates a fast power-up ramp rate of a power rail 
(VDDQ) of ESD circuit 10 to 1.8V, i.e., in 700 ns. Power is 



introduced to ESD circuit 10 via power rail VDDQ. Before 
power is applied to ESD circuit 10, nodes RCT, NDl, ND2, 
and ND3 are at virtual ground (GND). All of the PFETS have 
a Vgs equal to a threshold value, i.e., approximately 0.3V 
in one embodiment, before conducting significant current. 
As a result, with the exception of sub-threshold leakage, 
as the power supply begins to ramp-up (between VDDQ = 
OV to 0.2V), all of the PFETS are essentially off. However, 
because resistors Rl and R2 of RC 11 do not have a 
threshold voltage, they begin conducting current as soon 
as VDDQ starts to rise. Consequently, node RCT starts to 
charge while nodes NDl, ND2, and ND3 only rise due to 
PFET sub-threshold leakage. 
[0028] Other measures may also be taken to ensure that node 
RCT charges at a faster rate than nodes NDl, ND2, and 
ND3 during the power raiT's initial ramp-up. The channel 
lengths of PFETs PO, PI, and P2 may be increased over 
standard lengths to reduce the amount of current they can 
conduct during the initial power ramp-up. Also, dummy 
loads, i.e., extra devices, with their gates connected to 
node NDl and their drain and source nodes connected to 
the same potential, may be added to node NDl to make 
the RC time constant of node NDl greater than the RC 



time constant of node RCT during the initial stages of a 
power-up event. As a result, in one embodiment, node 
RCT charges at approximately the same rate as the power 
rail. 

[0029] Because node RCT and thus the gate voltage of inverter II 
is rising and closely tracking VDDQ, i.e., with approxi- 
mately .05V difference, PFET PC's Vgs stays relatively 
small thereby preventing PO from conducting significant 
current. This allows the disclosed circuit to be used in fast 
power-up ramp rate applications as well as typical and 
slow applications. Node RCT charging high causes NFET 
NO"s Vgs to increase thereby allowing it to pull down node 
NDl once node RCT reaches the NFET's threshold voltage, 
i.e., 0.3V in one embodiment. In turn, the Vgs of PI in- 
creases and PI conducts current. Still referring to FIG. 4, 
as a result, node ND2 is charged and continues to be 
charged at approximately the same rate as VDDQ. As fol- 
lows, PFET P2 is kept off and NFET N2 is turned on. NFET 
N2 keeps node N3 at GND thereby keeping the clamp off 
and avoiding significant clamp leakage. 

[0030] In contrast to a normal power-up, it is desired that the 
clamp device, i.e., N3, remain on until completion of a 
significant ESD event. Otherwise, the power rail may rise 



too high and too much Vds stress may be put across an 
IC's devices thereby resulting in possible destructive de- 
vice snapback. In one particular embodiment, NFET NKP 
prevents node RCT from charging high enough to reach 
the switch point of inverter II until the rail potential has 
fallen from the clamped voltage of approximately 2.0V to 
approximately l.OV at approximately 500ns into the ESD 
event. Once the ESD energy has dissipated across the IC, 
the voltage rail value begins to drop thereby causing the 
Vgs of NFET NKP to fall. This "feedback"to the gate of 
NFET NKP results in node RCT charging higher as the rail 
potential falls. After approximately 500ns, node RCT 
causes inverter II and thus inverters 12 and 13 to switch 
states. As a result, clamp device N3 and NFET NKP turn 
off. In one embodiment of the present invention, the use 
of a high switch point, i.e., a 10/2 device width ratio, for 
inverter II causes node RCT to have to charge higher to 
switch the output of inverter II. As a result, clamp device 
N3 stays on longer during an ESD event than if a conven- 
tional device width ratio, i.e., 2/1, was used. 
[0031] FIG. 5 illustrates an ESD event using a prior art IC that 
does not include a feedback scheme as described above 
with respect to NFET NKP. Without the feedback scheme. 



clamp device N3 shuts off too soon as Vpeak, i.e., VDDQ 
peaking at approximately 3.0V is greater than the tech- 
nology's Vsnapback of approximately 2.5V. Node RCT 
rises at a rate that causes inverter II to switch and thus 
clamp device N3 to shut off in less than 50 ns. 

[0032] In contrast, FIG. 6 illustrates an IC according to the 

present invention that includes a feedback NFET. As men- 
tioned above, NFET NKP prevents node RCT from charging 
high enough to reach the switch point of inverter II until 
the rail potential is approximately l.OV. As a result, clamp 
device N3 remains on longer, i.e., approximately 500 ns in 
one embodiment, thereby protecting the IC from ESD 
damage longer. In this way, RC 11 serves as a timing ele- 
ment with respect to the control of inverter II. 

[0033] An RC-triggered ESD clamp circuit according to the 
present invention provides a high failure threshold, a 
small layout area, and a low RC delay. Such a design may 
be used in fast power-up ramp rate applications and are 
effective for IC designs where a high capacitance, low 
impedance path does not exist between power supplies 
and ground. 

[0034] One embodiment of the present invention includes a cir- 
cuit that utilizes feedback to an NFET in combination with 



a small RC time constant to provide an RC-triggered ESD 
clamp between the IC power rail VDDQ and CND that can 
be used in a fast power-up ramp rate application and is 
area efficient. The NFET prevents the RCT node from 
charging-up too fast and thus from turning the ESD clamp 
off too soon during an ESD event. The use of smaller re- 
sistive and capacitance elements provides for an area effi- 
cient solution and allows the clamp to be used with fast 
power- up ramp rates. 
[0035] One prior art implementation, i.e., without a mechanism 
to extend clamp on time, requires a 500 ns RC time con- 
stant. For a resistance of 4.6 ohms, the capacitance re- 
quired in the prior art implementation is 108.7 pF. As fol- 
lows, this amount of capacitance requires approximately 
1450 dcap instances, a 20. 7X increase over an implemen- 
tation according to the present invention. Further, if a 10 
X Y array were maintained, the prior art capacitor array 
area, i.e., 10 x 145, would be 49.2 Mm x 348 \im, a 21X 
increase. 

[0036] The small RC time constant used in one embodiment of 
the present invention allows the ESD protection circuit to 
be used in fast power up ramp rates applications. In addi- 
tion, asmall RC time constants allows area efficient ESD 



clamp design due to smaller R and C. As a result, this 
topology can be used in area constrain chip designs or 
more ESD clamps can be placed on a given chip due to the 
area efficient design. For example, in at least one embod- 
iment, one copy of the disclosed ESD clamp is located at 
everychip signal pad due to the small chip area consumed. 
[0037] In one embodiment according to the present invention, a 
buried resistor array of 1 x 2 with instance dimensions of 
34 Mm X .875 \xm is used. For equivalent capacitances, the 
resistance value required to obtain a 500 ns time constant 
in a prior art implementation is 95.238k ohms with ap- 
proximately 41 resistance instances. Therefore, the 
present invention offers area efficiencies over the prior 
art. 

[0038] While the present invention has been described in con- 
nection with specified embodiments, it will be understood 
that it is not so limited. On the contrary, it is intended to 
cover all alternatives, modifications and equivalents as 
may be included within the spirit and scope of the inven- 
tion as defined in the appended claims. 



